Background: The aim of this study was to compare centre of pressure (COP) characteristics between healthy adults with normal, planus or cavus feet who were allocated to groups based on reliable foot posture measurement techniques. Methods: Ninety-two healthy adult participants (aged 18 to 45) were recruited and classified as either normal (n = 35), pes planus (n = 31) or pes cavus (n = 26) based on Foot Posture Index, Arch Index and normalised navicular height truncated measurements. Barefoot walking trials were conducted using an emed
Background
The shape of the human foot during standing, referred to as foot posture, is a commonly measured clinical variable. Recent systematic reviews have found that non-normal foot postures, such as pes planus (low medial longitudinal arch) and pes cavus (high medial longitudinal arch) are associated with increased odds of injury to the lower extremity [1] . In particular, the planus foot has been found to be associated with increased risk of medial tibial stress syndrome and patellofemoral pain [2] .
However, the mechanism that links foot posture to lower limb injury is currently unclear, as is the interaction between foot posture and both intrinsic and extrinsic risk factors for lower limb injury. Hence, laboratory-based research has been undertaken to understand the effect of foot posture on foot and lower limb biomechanics. The biomechanical variables that are typically measured include kinematics (motion of body segments), electromyography (muscle activity) and plantar pressure measurement (force applied to the plantar surface of the foot) [3] .
An important subgroup of plantar pressure measurement is the centre of pressure (COP), also referred to as the 'gait line'. The COP is defined as the centroid of the total number of active sensors for each data sample collected, which represents the spatial distribution of pressure over time [4] . As a global measure of pressure distribution, it has been suggested that the COP provides greater insight into dynamic foot function compared to measures that are confined to discrete regions, such as peak pressure and maximum force [5] .
There are two studies that have compared COP between all 3 foot postures (normal, planus and cavus) [5, 6] , and one study that compared planus and normal feet [7] . Of these studies, two characterised the COP using the COP excursion index, which involves the measurement of the deviation of the COP from a reference line as it traverses the anterior third of the foot [6, 7] . The COP excursion index has been widely used to investigate foot function. For example, the COP excursion index has been used to examine specific populations, such as older adults [8] , and specific pathologies, such as hallux valgus [9] . The foot posture studies have found less concave trajectory (indicative of greater medial deviation) of the COP in the planus foot compared to normal and cavus feet [6, 7] . This suggests comparatively greater force being borne on the medial plantar surface of the planus foot. However, a limitation of these studies was that foot posture groups were assigned using angular measurements of foot alignment, such as the resting calcaneal stance position, which has been found to have poor reliability [10, 11] . Hence, there is a need to compare the COP excursion index using reliable foot posture measurement approaches with normative data.
Furthermore, the available literature does not allow for definitive conclusions to be drawn regarding how spatial and temporal characteristics of the COP may differ between foot postures throughout the entirety of the stance phase. Measures that are able to describe the dynamic characteristics of the COP in the literature include the velocity of the COP [4] and the lateral-medial force index [12] . Although one investigation using these measures compared individuals with different foot postures during running [13] , they did not analyse overground walking.
With this in mind, the aim of this study was to compare COP characteristics between normal, planus and cavus foot posture groups that were assigned using reliable foot posture measurement techniques supported with normative data. The COP measures for comparison include the velocity of the COP, the lateral-medial force index and the COP excursion index.
Methods

Participants
Ninety-two healthy adult participants (aged 18 to 45) were recruited from the general student and staff population of La Trobe University via posters that were placed around the university campus. Volunteers were excluded from the study if they reported any current or recurring musculoskeletal lower limb injury or any neurovascular condition or biomechanical abnormality that may affect gait. A screening protocol was carried out to measure foot posture on both feet and assign participants to groups using the 6-item Foot Posture Index (FPI) [14] , the Arch Index (AI) [15] , and normalised navicular height truncated (NNHt) [16] . Participants qualified for the normal group if the static foot measurements were within one standard deviation of the mean of normative data for the FPI [14] and either the AI or NNHt [17] . Participants were assigned to the pes cavus or pes planus group if static foot measurements were greater or less than one standard deviation from the mean of normative data for the FPI and either the AI or NNHt. Boundaries for the inclusion into foot posture groups are shown in Table 1 .
One foot of each participant was selected for testing and analysis. If both feet satisfied the selection criteria, one foot was randomly selected for testing (using the random number generator function in Microsoft Excel ® Microsoft Corporation, Redmond,WA). Otherwise, if only one foot satisfied the selection criteria for a group, then this foot was tested. There was one instance when this occurred and the participant was allocated to the normal group. Ethical approval was granted by the La Trobe University Human Ethics Committee (ID number: HEC11-097) and all participants signed informed consent.
Instrumentation
Dynamic barefoot plantar pressure data were collected using an emed ® -x 400 plantar pressure system (Novel GmbH, Munich, Germany), a 700 mm long by 403 mm wide platform incorporating 6080 capacitance transducer sensors (4 sensors/cm
2 ) sampling at a frequency of 100 Hz. The platform was embedded in the centre of a flat, gait analysis laboratory walkway.
Experimental protocol
After a five-minute acclimatisation period, participants were instructed to walk along the walkway using the two-step initiation protocol. Participants were positioned two steps from the front edge of the platform and instructed to walk at their comfortable walking speed [18] . The two-step initiation protocol was used as it requires fewer trials to be collected compared to the midgait protocol because it is less likely that participants will miss contacting the pressure platform. In addition, it has been shown that two steps is sufficient to reach steady state walking [19] and it has equivalent reliability to the midgait protocol [20, 21] . Participants were asked not to look at the ground during walking trials, and in the event of targeting of the pressure platform, the trial was not analysed. Five successful trials were analysed.
Data processing and statistical analysis
The COP, defined as the centroid of the total number of active sensors for each data sample collected ( Fig. 1 ) was the main parameter of interest [4] . The variables that were derived from the COP were as follows: Variables were obtained for each participant using the Novel Scientific Medical Software, Version 23. Both the velocity of the COP and the lateral-medial force index were normalised to stance period duration. Stance period was then divided into four phases: (i) loading response (0 to 20% of stance), (ii) midstance (> 20 to 52%), (iv) terminal stance (> 52 to 83%), and (v) pre-swing (> 83 to 100%) [23] . For each of the four phases of stance, the average, maximum, minimum and range (difference between maximum and minimum values) were calculated for each participant.
All statistical tests were calculated using SPSS version 24 for Windows (IBM Corporation, NY). The distribution of data for all groups was assessed for skewness, kurtosis and equality of variance (Levene's test). A oneway analysis of variance (ANOVA) was performed with significance level set at < 0.05 with Bonferroni adjustment (α = 0.017). Post-hoc comparison of the mean differences between groups was applied to all ANOVAs. Confidence intervals and effect sizes using Cohen's d were calculated for all significant mean differences. The following interpretation of effect size was used: trivial: 0-0.2, small: 0.2-0.6, moderate: 0.6-1.2 and large: 1.2-2.0 [24] .
Results
Participant characteristics
All anthropometric and foot posture characteristics are shown in Table 2 . The normal foot posture group consisted of 35 participants (17 male, 18 female), the pes planus group consisted of 31 participants (16 male, 15 female) and pes cavus group consisted of 26 participants (12 male, 14 female). The height of the planus group was significantly less than the normal and cavus groups.
Even though such a difference may influence COP by influencing step length, and therefore walking velocity it is unlikely as there was no difference in total contact time, a proxy measure of walking velocity [25] . Therefore, no adjustment was made for height. No further variables were significantly different other than foot posture classification measures.
Velocity of the COP
A graphical representation of the ensemble average for velocity of the COP during stance phase is shown in Fig. 2 , and all comparisons between group means with 95% confidence intervals for velocity of the COP are shown in Table 3 . The cavus foot exhibited the slowest average and minimum COP velocity during terminal stance compared to the planus foot, but this pattern was reversed during pre-swing, with the cavus foot exhibiting the fastest maximum COP velocity. Effect sizes for these comparisons ranged from 0.66 (moderate) to 1.49 (large).
Lateral-medial force index
A graphical representation of the ensemble averages for the lateral-medial force index during stance phase is shown in Fig. 3 , and all comparisons between group means with 95% confidence intervals and effect sizes for Table 4 . During terminal stance, the planus foot exhibited a lower range compared to the normal foot. The effect size for this comparison was 0.65 (moderate).
Centre of pressure excursion index
For the COP excursion index, all comparisons between group means with 95% confidence intervals are shown in Table 5 . There were no significant differences for any comparison between groups.
Discussion
The aim of this study was to compare COP characteristics between normal, planus and cavus foot posture groups that were assigned using reliable foot posture measurement techniques supported with normative data. Overall, few differences in COP characteristics were observed between the groups. The most notable difference between foot postures was in relation to COP velocity during the terminal stance and pre-swing phases of the gait cycle. Effect sizes for these significant differences were medium to large (ranging between 0.65 and 1.49), which are comparable to previous research comparing COP between foot postures [6, 7] . The velocity of the COP for all 3 foot postures reflected the shape and magnitude of the normative description using healthy uninjured individuals that was reported by Cornwall and McPoil [4] . However, significant differences between all 3 foot postures were found for COP velocity during terminal stance and pre-swing. Specifically, during terminal stance, significant differences for the minimum value of COP velocity were found between the planus, normal and cavus foot posture groups in a manner that would suggest a doseresponse relationship across the spectrum of foot postures. For example, the cavus foot demonstrated the slowest (lowest minimum value) COP velocity, while the planus group demonstrated the fastest COP velocity in terminal stance. However, during pre-swing, this relationship was reversed, in that the cavus foot demonstrated the highest maximum COP velocity.
The differences in COP velocity has implications for foot function. For example, during terminal stance, the forefoot is the only structure in contact with the ground. Therefore, sufficient force must be generated to drive the lower limb forward over the forefoot, otherwise gravity would prevent the forward progression of the body [26] . The generation of force required is associated with slowing of the velocity of the COP as it traverses the metatarsophalangeal joints.
Differences in the velocity of the COP during terminal stance suggest subtle variations between foot postures in the mechanism for generating force that is required for forward progression. Specifically, the direction of the force vector that is applied to the forefoot may be influenced by differences in skeletal positioning (i.e. greater comparative plantarflexion of the forefoot in the cavus foot compared to the planus foot) or joint characteristics (i.e. greater rigidity for a given amount of force in the cavus foot compared to the planus foot) [27] . In cavus feet, the force vector may have a greater vertical component compared to normal and planus feet, causing the anterior-posterior movement of the COP to progress more slowly. Conversely, in planus feet, the force vector may contain a comparatively greater anterior-posterior component, thus allowing the COP to advance more rapidly. During pre-swing, as the contra-lateral foot strikes the ground, both gravity and the generation of force by posterior leg muscles contribute to the forward propulsion of the body over the metatarsophalangeal joints [28] . During pre-swing, the velocity of the COP rapidly increases to peak during stance. In the cavus foot, the peak value of COP velocity was higher than in the planus foot. This finding indicates that the strategy to generate force during terminal stance creates adequate angular momentum to produce efficient forward progression of the body [4] . In contrast, for the planus foot, COP velocity was slowed. This may be a result of greater force and pressure being borne on the hallux, which acts as a barrier to forward progression of the COP. While there was no evidence in this study of a medial shift of the COP during pre-swing in the planus foot, previous plantar pressure studies have shown that in the planus foot, greater pressure and force is borne by the hallux [6, 29] . Greater loading of the hallux and associated slowing of the COP has also been demonstrated in a study that compared participants with osteoarthritis of the 1st metatarsophalangeal joint to healthy controls [30] . The slowed COP in the planus foot may also be in response to a delay in the establishment of tensile forces in plantar tissues of the foot due to first metatarsophalangeal joint dorsiflexion. This phenomenon, referred to as the windlass mechanism, is understood to allow for greater stiffness in the joint of the midfoot and forefoot during propulsion [31] . While some kinematic studies support our suggestion of a link between foot posture and establishment of the windlass mechanism, further work is required to substantiate this proposed association [29, 32] .
The only significant finding not related to COP velocity was during terminal stance, where the planus foot exhibited a lower range of the lateral-medial force index compared to the normal foot. This finding suggests that in the planus foot, structures may be exposed to more repetitive loads and therefore, increased risk of injury as the balance of load either side of the COP remains relatively static. This theory is supported by some studies that suggest a link between repetitive low level loading and the development of lower limb injuries in runners [33, 34] .
Despite a trend towards a smaller COP excursion index value in the planus group compared to both normal or cavus foot groups, our study found no significant CI confidence interval difference in the COP excursion index between foot posture groups. This differs from similar studies that reported a smaller COP excursion index (indicative of a greater medial deviation of the COP) in the planus foot compared to normal and cavus feet [6, 7] . However, the COP excursion index may not adequately detect differences in the location and the progression of the COP as they occur throughout the entirety of stance due to it measuring the medio-lateral location of the COP at a single site on the forefoot (the anterior third trisection of the foot) [6] . Therefore, the COP excursion index does not provide any insight into the location of the COP posterior and anterior to the measurement location. Further work is needed to determine the most beneficial method for reporting the characteristics of the COP throughout the entirety of stance.
There are several limitations to this study. Firstly, the plantar pressure measurement system used in this study can only detect vertical force; other forces that may be relevant to the movement of forces on the plantar foot, such as shear force, are not detected. Secondly, associated biomechanical data, such as kinematics and electromyography were not collected, so it is difficult to make conclusions about the influence of foot posture on overall foot function. Thirdly, the cavus group included feet with a narrower range of foot postures in comparison to the planus group, which may have limited our ability to detect differences between the groups. Finally, all analyses were conducted unshod, and it is likely that footwear characteristics, such as sole bending stiffness, may influence the COP while wearing shoes.
Conclusion
This study found an overall similarity in the characteristics of the COP between normal, planus and cavus foot posture groups. Of the differences that were found, the most notable were in the velocity of the COP during the terminal stance and pre-swing phases of gait that may represent different mechanisms for generating force to accomplish forward progression of the body. A difference was also found between the planus and normal foot in relation to the medial shift of the lateral-medial force index during terminal stance. These findings add to the understanding of how foot posture affects the COP, particularly during the propulsive phases of gait. Further research is needed to determine whether there is a relationship between variation in COP and the development of lower limb injury. 
